Brain-derived neurotrophic factor (BDNF) is synthesized by small neuron cell bodies in the dorsal root ganglia (DRG) and is anterogradely transported to primary afferent terminals in the dorsal horn where it is involved in the modulation of painful stimuli. Here we show that BDNF is released in the rat isolated dorsal horn after chemical stimulation by capsaicin or electrical stimulation of dorsal roots. Capsaicin superfusion (1-100 M) induced a dose-dependent release of BDNF, measured using ELISA. The highest dose of capsaicin also induced a depletion of BDNF protein in the dorsal horn. BDNF release was also seen after electrical stimulation of the dorsal roots at C-fiber strength. This release was encoded by specific patterns of afferent fiber stimulation. Neither continuous low-frequency (480 pulses, 1 Hz) nor tetanic high-frequency (300 pulses in 3 trains, 100 Hz) stimulation evoked release of BDNF, although substance P (SP) release was observed under both of these conditions. However, BDNF was released after short bursts of high-frequency stimulation (300 pulses in 75 trains, 100 Hz) along with SP and glutamate. The NMDA antagonist D-AP-5 inhibited electrically evoked BDNF release. BDNF release was also measured after systemic or intrathecal NGF treatment. This upregulated BDNF content in the DRG and increased the capsaicin-evoked release of BDNF. Similarly, the amount of BDNF released by burst stimulation was increased after NGF treatment. This activity-dependent release continued to be encoded solely by this stimulation pattern. These experiments demonstrate that BDNF release in the dorsal horn is encoded by specific patterns of afferent fiber stimulation and is mediated by NMDA receptor activation.
There is now good evidence that neuronally derived brainderived neurotrophic factor (BDNF) contributes to the process of hippocampal synaptic plasticity via its activity-dependent release (Canossa et al., 1997; Schuman, 1999) . It has also been proposed recently that this neurotrophin might regulate synaptic efficacy in the dorsal horn of the spinal cord (Snider and McMahon, 1998; Woolf and Salter, 2000) . BDNF is synthesized by a subpopulation of unmyelinated primary afferents (primarily nociceptors) that contain substance P (SP) and glutamate (De Biasi and Rustioni, 1988; Apfel et al., 1996; Zhou and Rush, 1996; Conner et al., 1997; Michael et al., 1997) . These neurons use glutamate (stored in clear vesicles) as a fast neurotransmitter, but some of them also release SP from dense-core vesicles when they fire repetitively (Duggan et al., 1995; Marvizón et al., 1997) . Like SP, BDNF is packaged in large dense-core vesicles in dorsal root ganglion (DRG) cells, and it is anterogradely transported to axon terminals in the dorsal horn (Zhou and Rush, 1996; Conner et al., 1997; Michael et al., 1997) . BDNF is found in laminas I and II, the known termination area for SP-containing C fibers that express receptors for capsaicin (VR1) and nerve growth factor (NGF) (TrkA) (Averill et al., 1995; Tominaga et al., 1998) . Small fibers are thought to be the major source for BDNF in the superficial laminas of the dorsal horn because after axotomy both small DRG cells and axon terminals in the superficial laminas downregulate BDNF expression (Cho et al., 1998; Michael et al., 1999; Zhou et al., 1999) . However, BDNF immunoreactive cells are found in the ventral spinal cord white matter (Dreyfus et al., 1999) , and descending noradrenergic fiber terminals might contribute to BDNF spinal cord pools as reported for some brain areas (Fawcett et al., 1998) . The receptor for BDNF, TrkB, is found throughout the dorsal horn with particularly high density in the superficial laminas (Zhou et al., 1993) where it is associated with dorsal horn cells but not with afferent terminals (Bradbury et al., 1998) . BDNF present in C-fiber terminals may exert positive modulation of spinal glutamatergic NMDA-mediated nociceptive signaling, sharing this role with SP (Kerr et al., 1999; Woolf and Salter, 2000) . Differently, in the brainstem, BDNF can negatively modulate glutamatergic AMPA-mediated currents in secondorder sensory neurons . Because BDNF is released with activity and in a frequency-dependent manner in cranial ganglion cells in culture , this neurotrophin may play a role in the modulation of visceral sensory information in the brainstem.
Until now, signaling through the TrkB receptor in the dorsal horn was accepted as evidence of BDNF release. We have used an in vitro preparation consisting of dorsal horn slices with attached dorsal roots (Malcangio and Bowery, 1993; Malcangio et al., 1997) to make direct measurement of BDNF release evoked by electrical stimulation of the roots, as well as chemical stimulation. Concomitant release of glutamate and SP has also been evaluated.
MATERIALS AND METHODS
NGF administration. Adult male Wistar rats (250 gm body weight) were used and killed by decapitation. All procedures were in accordance with United K ingdom Home Office regulations. Human recombinant NGF (Genentech, South San Francisco, CA) was administered to adult rats either systemically (1 mg / kg, s.c., three times per week for 1-2 weeks) (Malcangio et al., 1997) or intrathecally (Michael et al., 1997) 
. Control animals received vehicle (saline containing 0.1% rat serum albumin; Sigma, Poole, UK).
Release of BDNF, SP, and glutamate f rom dorsal horn slices. Horizontal dorsal horn slices (400 m thick) with dorsal roots attached were obtained from the lumbar spinal cord of adult rats as described previously (Malcangio and Bowery, 1993; Malcangio et al., 1997) . Only one slice was obtained from each rat, mounted in the central compartment of a three-compartment chamber, and continuously superf used (1 ml /min) with oxygenated (95% O 2 and 5% C O 2 ) Krebs' solution containing 0.05-0.1% bovine serum albumin (BSA), 1 g /ml aprotinin, 0.03 g /ml cystatin, 0.2 g /ml bestatin, 0.1 mM benzethonium chloride, 1 mM benzamidine, 10 g /ml leupeptin, 1 M phosphoramidon, 100 M captopril, 20 g /ml bacitracin, and 6 M dithiothreitol (Sigma). E xperiments were performed at room temperature because peptide release was shown previously to be measurable but submaximal under these conditions and thus susceptible to pharmacological manipulation (Malcangio et al., 1997) .
BSA and protease inhibitors were added to minimize loss of detectable BDN F-like immunoreactivity (LI) and SP-LI through surface adhesion and to prevent degradation. The dorsal roots were placed in the lateral compartments on bipolar platinum electrodes and covered in mineral oil to avoid dehydration. Before, during, and after dorsal root stimulation, fractions of 3 or 8 ml of the superf usates were collected in ice-cooled siliconized tubes (Sigmacote; Sigma) to minimize BDN F-LI loss or in acetic acid (0.1N) to stabilize SP. Three different stimulation protocols were used: (1) continuous stimulation (C S) for 8 min at 1 Hz (480 pulses) or 1 min at 30 Hz (1800 pulses); (2) tetanic stimulation (TS), which was three or six trains of 100 pulses at 100 Hz separated by 10 sec intervals; and (3) burst stimulation (BS), which was 75 trains of four pulses at 100 Hz separated by 0.2 sec intervals. Square pulses of 0.5 msec duration and 20 V [corresponding to 10 -14 mA of current in our conditions (Malcangio and Bowery, 1993) ] or 10 mA were used to recruit C fibers. To selectively stimulate A fibers, pulses of 0.1 msec duration and 0.1-2 mA were used (Malcangio et al., 2000) . In another set of experiments, BDN F release was induced by superf using the slices with capsaicin (1-100 M) at 1 ml /min for 3 min (Malcangio et al., 1998) . C apsaicin was dissolved in ethanol (1 mM) and then diluted with modified Krebs' solution. C apsaicin was also superf used at the end of some experiments after electrical stimulation had been applied to check the viability of the preparations.
Processing of collected samples. To quantif y BDN F-LI and glutamate contents in the same superf usates, samples were desalted and concentrated by Ultrafree-15 centrif ugal device 10K (Waters Associates, Watford, UK). Retentates were freeze-dried and reconstituted in 300 l of block and sample buffer (Promega, Southampton, UK) and 100 l assayed for BDN F-LI content by ELISA (see below). Filtrates were used for determining glutamate concentration by HPLC coupled with o-phthalaldehyde precolumns derivatization and fluorometric detection (Neal et al., 1994) . SP-LI content could not be measured in the filtrates because the recovery of the peptide through the Ultrafree-15 dialysis membrane was Ͻ30%. Separate experiments were performed, and superf usates were used for measuring SP and glutamate contents. Samples were desalted and partially purified by using Sep-Pak C 18 reverse-phase silica gel cartridges (Waters Associates) (Malcangio et al., 1997) . The cartridges were conditioned with acetonitrile (100%; HPLC grade; BDH Chemicals, Poole, UK) and trifluoroacetic acid (TFA) (0.1%; HPLC grade; BDH Chemicals). Samples were then loaded into the columns, and the peptide was eluted using acetonitrile/ TFA (80:20) solution. The eluates were dried by evaporation under nitrogen (recovery not Ͻ85%). Dried samples were reconstituted in 300 l of phosphate buffer and 100 l assayed by radioimmunoassay in duplicate (1.3 pg /100 l assay sensitivity) using scintillation proximity assay (Amersham Pharmacia Biotech, Buckinghamshire, UK) as described previously (Malcangio and Bowery 1993; Malcangio et al., 1997) . The remaining 100 l of reconstituted samples were used for glutamate content determination by HPLC (see above).
BDNF tissue e xtraction. DRG were harvested from both naïve and NGF-treated rats and processed to extract detectable levels of BDN F-LI using ELISA (see below). Several methods were used to maximize BDN F recovery from the tissue. A cocktail of protease inhibitors was added to the homogenization buffer to reduce enzymatic breakdown of BDN F [137 mM NaC l, 20 mM Tris-HC l, 1% N P-40, 10% glycerol, 0.1% BSA, 1 mM ␣-toluenesulfonil fluoride, 10 g /ml aprotinin, 0.5 mM sodium vanadate (Sigma)]. Samples were kept at 4°C to slow down proteolytic activity. Non-ionic detergents (N P-40) were added to the buffer, to both aid tissue dissociation and prevent nonspecific adsorption of BDN F. BSA (1 mg /ml) was added in the homogenization buffer to provide soluble binding sites for BDN F. Tissue samples were acidified for 15 min because this has been reported to aid dissociation of bound trophic factors from their receptors (Okragly and Hakk-Frendscho, 1997) . In our conditions, BDN F-LI content in DRG (four per rat) increased from 20.9 Ϯ 5.6 to 55.0 Ϯ 5.6 pg /mg protein (n ϭ 4 rats per group) after acidification. Samples were neutralized and centrif uged to remove particulates and then diluted 1:10 with assay buffer to prevent interference with the ELISA (see below). Protein content was determined by the Bradford assay.
BDNF ELISA. Nunc (Roskilde, Denmark) MaxiSorp 96-well plates were used. BDN F standards (100 l of 4 -500 pg /ml solutions) and 100 l of unknown samples were run in duplicate and triplicate, respectively, following a protocol slightly modified from the instructions of the manufacturer (Emax ImmunoAssay kit; Promega) (Son et al., 1999; C ejas et al., 2000) . The plates were incubated for 48 hr with the monoclonal primary antibody. A standard curve was run for each plate, and this was linear at all levels of detection (r 2 ϭ 0.994 Ϯ 0.002; n ϭ 10). In each plate, some wells were spiked and DRG extracts were also run because they would contain more BDN F and prove that the assay was adequate to distinguish among different BDN F levels: from zero, to modest (Ͼ4 pg /ml), moderately high (20 pg /ml), and high (DRG extracts, 100 pg /ml). Samples were considered BDN F positive when their signal was higher than the background signal (modified Krebs' solution) and within the range of the standard curve.
The assay showed Ͻ3% cross-reactivity with human recombinant NGF. Human recombinant BDN F standard was used to assess BDN F recovery. This was determined by adding 5-20 pg /3 ml BDN F to modified Krebs' solution (see above) that had not been superf used through dorsal horn tissue and then processing under the same conditions as experimental samples. Recovery was 60% for 10 pg /3 ml BDN F.
Data calculation and statistical anal ysis of release data. The data are presented as mean Ϯ SEM. ANOVA, followed by T ukey's or Dunnett's tests, and Student's t test were used when appropriate.
Neurok inin-1 1 receptor internalization. Neurokinin-1 (N K 1 ) receptor internalization in lumbar spinal cord slices obtained from 14-to 30-d-old rats was assessed in transverse slices (400 m) with one dorsal root attached (Marvizón et al., 1997 (Marvizón et al., , 1999 . After electrical stimulation at the root (300 pulses, BS; see above), slices were fixed and cryoprotected. Sections (25 m) were immunostained for N K 1 receptor (Marvizón et al., 1997 (Marvizón et al., , 1999 . Internalization was quantified as the percentage of N K 1 receptor-IR neuronal somas showing internalization (Marvizón et al., 1997 (Marvizón et al., , 1999 . All N K 1 receptor-IR somas in at least three sections per slice were counted by a person blinded to the treatment. Confocal images were acquired with a Leica (Nussloch, Germany) TC S-SP confocal microscope.
BDNF immunostaining in the dorsal horn. After the release experiments, tissue was post-fixed in 4% paraformaldehyde (2 hr at 4°C), cryopreserved in 20% sucrose (overnight at 4°C), and blocked in OC T embedding compound (BDH Chemicals), and transverse sections (20 m) were cryostat cut. Sections were immunostained for BDN F using indirect tyramide signal amplification (DuPont N EN, Boston, M A) (Michael et al., 1997) . Sections were incubated with the following (all reagents were diluted in PBS containing 0.2% Triton X-100): normal goat serum (10%, 1 hr), rabbit polyclonal anti-BDN F (0.4 g /ml, 12 hr; a gift from Amgen, Thousand Oaks, CA), biotin-conjugated goat anti-rabbit antibody (1:400, 2 hr; Vector Laboratories, Burlingame, CA), avidin -biotin complex (1:5 with no Triton X-100, 30 min; Vector Laboratories), biotinyl tyramide (1:75, 10 min; DuPont N EN), and FI TCconjugated extra-avidin (1:500, 2 hr; Sigma, St L ouis, MO). Slides were coverslipped in Vectashield mounting medium (Vector Laboratories) and visualized under a Leitz (Wetzlar, Germany) fluorescent microscope. For quantification, images of BDN F staining in the dorsal horn of naïve and capsaicin-treated rats (n ϭ 4 per group) were captured using a Hamamatsu (Bridgewater, NJ) digital camera. The intensity of BDN F immunostaining in the superficial laminas from four sections per animal was quantified using SigmaScan image analysis software (SPSS, Chicago, IL).
Electrophysiolog y. The tibial nerve of anesthetized adult male Sprague Dawley rats (280 gm body weight) was exposed, and the uncut nerve was placed on a bipolar tungsten stimulating electrode immediately proximal to the ankle in a pool of warm mineral oil. A bipolar platinum wire (diameter of 30 m) recording electrode was positioned above the nerve 5-7 mm proximal to the stimulating electrode. A noxious heat stimulus was used to locate nociceptive fibers having receptive fields in the footpad. Successive fine nerve filaments (10 -15 m diameter) were dissected from the nerve until one was obtained containing a unit responsive to heating of the footpad to 47-48°C using a Peltier-effect thermal stimulator (1 cm square element; courtesy of Dr. Bruce Naliboff, University of C alifornia, L os Angeles, CA). The response to noxious heating was tested, and the plantar surface was explored for mechanosensitive receptive fields using a blunt probe and calibrated von Frey type stimulators (Stoelting Inc., K iel, W I). At least 10 min after the final stimulus, capsaicin (100 mg /100 ml) was injected subdermally into the footpad, and the response was recorded. At the end of experiments, the tibial nerve was cut proximal to the recording electrode, and the nerve was stimulated to determine conduction velocities for the units recorded. Single-unit records were obtained via sorting of multiunit activity (one to six units typically) using Spike2 software (C ambridge Electronic Design, C ambridge, UK). For one fiber, a reliable conduction velocity could not be determined and its identity as a C fiber was inferred from its spike waveform.
Receptor antagonists. D(Ϫ)2-Amino-5-phosphonopentanoate (D-AP-5) and 6-cyano-7-nitro-quinoxaline-2,3-dione (C NQX) were from Research Biochemicals (Natick, M A). Naloxone was from Sigma. (Ϫ)Bicuculline methobromide was from Tocris Cookson (Bristol, UK).
RESULTS

Electrically evoked release of BDNF in the dorsal horn
Because BDNF and nociceptive peptides are colocalized in some C fibers (Michael et al., 1997) , BDNF-LI release in dorsal horn was first examined using a pattern of sensory neuron electrical stimulation known to induce SP-LI release, an indication of high threshold fiber recruitment (Malcangio et al., 2000) . Glutamate release was also evaluated in the same samples, although both A and C fibers contribute to its release (Kangrga and Randiç, 1991; Teoh et al., 1996) .
As shown previously (Malcangio and Bowery, 1993; Malcangio et al., 1997) , CS of the dorsal roots at C-fiber strength and low frequency (1 Hz, 480 pulses in 8 min) was effective at releasing SP-LI but did not lead to detectable release of BDNF-LI or glutamate (Fig. 1 A) . The lack of glutamate detection in this set of experiments may be explained by fast uptake of the amino acid by both neurons and glia. The absence of BDNF-LI release could have been the consequence of poor tissue penetrability and/or loss of detectable BDNF-LI through surface adhesion (Leibrock Figure 1 . BDNF-LI, SP-LI, and glutamate (GLU ) were released in the dorsal horn by different patterns of afferent fiber stimulation. Basal ( B), high-threshold fiber strength-stimulated ( S) and recovery (R 1 and R 2 ) fractions were collected at a rate of 1 ml/min for 8 ( A) or 3 (B, C) min. Basal values ( B) represent the mean of BDNF content in three fractions collected before the stimulated fraction ( S). R 2 values represent content in two fractions collected after the first recovery fraction (R 1 ). Dorsal root stimulation was at high-threshold fiber strength (20 V or 5 mA, 0.5 msec) and was started at the beginning of the collection of the S fraction. A, CS of the dorsal roots at low frequency (1 Hz, 480 pulses, 8 min) induced SP-LI (n ϭ 4 slices), but not BDNF-LI (n ϭ 4 slices) or glutamate, release (n ϭ 4 slices). B, TS (300 pulses in 3 trains, 100 Hz) evoked the release of SP-LI (n ϭ 6 slices) and glutamate (n ϭ 4 slices) but not of BDNF-LI (n ϭ 7 slices). C, BS (300 pulses in 75 trains, 100 Hz) induced release of BDNF-LI (n ϭ 6 slices), SP-LI (n ϭ 7 slices), and glutamate (n ϭ 4 slices). Values (means Ϯ SE) express concentrations in reconstituted samples. *p Ͻ 0.05 versus both B and R 2 fraction values (ANOVA, followed by Tukey's test). . BS (300 stimuli; 10 mA, 0.5 msec, 100 Hz) was applied (arrow) after collection of two basal outflow fractions. Points represent means Ϯ SE of four slices. *p Ͻ 0.05 versus analog fractions collected in the presence of Ca 2ϩ (ANOVA, followed by Tukey's test). C, TTX superfusion blocked BS-induced BDNF release without changing basal outflow. TTX (2 M) was superfused during the last 2 min of the third fraction (basal) and the first minute of the fourth fraction (stimulated) (Ⅺ; n ϭ 4 slices). Four slices were run in the absence of TTX as controls (OE). BS (300 stimuli; 10 mA, 0.5 msec, 100 Hz) was applied (arrow) after collection of three basal outflow fractions. Points represent means Ϯ SEM. *p Ͻ 0.05 versus analog fractions collected in the presence of TTX (ANOVA, followed by Tukey's test). Anderson et al., 1995) . However, in this study, BSA addition in the superfusion buffer and sample collection in siliconized tubes resulted in BDNF-LI basal outflow values that were in the range of those found in hippocampal slice perfusates (Canossa et al., 1997) .
High-frequency stimulation (100 Hz, three trains of 100 pulses) of primary afferent fibers evokes long-term potentiation (LTP) of their synapses with dorsal horn neurons (Randiç et al., 1993; Liu and Sandkühler, 1998) . The same pattern of stimulation was very effective in evoking SP-LI release in the dorsal horn (Marvizón et al., 1997) , which may participate in this form of LTP (Liu and Sandkühler, 1997) . We applied the same stimulation pattern (TS, 300 pulses at 100 Hz in three trains separated 10 sec) to the dorsal roots to test whether it was able to evoke BDNF release. Significant release of SP-LI and glutamate was detected (Fig. 1 B) . BDNF-LI release was not detected even after 600 pulses were delivered at 100 Hz in six trains (basal outflow was 8.0 Ϯ 0.8 pg/ml; release was 8.3 Ϯ 0.2 pg/ml; n ϭ 3; p Ͼ 0.05). Likewise, 1800 pulses delivered at 30 Hz as a single 1 min train did not produce any significant BDNF-LI release (11.2 Ϯ 0.5 pg/ml) over basal (10.7 Ϯ 0.01 pg/ml; n ϭ 3; p Ͼ 0.05). In vivo, C fibers tend to fire in short bursts of high frequency in response to several forms of noxious stimulation (see below) (Puig and Sorkin, 1995; Adelson et al., 1996 Adelson et al., , 1997 . Therefore, we stimulated the dorsal roots with the same number (300) of high-intensity pulses used for TS but delivered in 75 trains (bursts) of four pulses at 100 Hz, separated by a 0.2 sec interburst interval (BS). As shown in Figure 1C , BS induced significant release of BDNF-LI, SP-LI, and glutamate. Interestingly, whereas the release of glutamate peaked during the BS period, SP-LI release persisted after stimulation (first recovery, R 1 ) and BDNF release was significant in the first recovery fraction (Fig. 1C) and then returned to basal values. BDNF-LI release evoked by BS was intensity dependent (Fig. 2 A) and occurred only above the intensity threshold to recruit C fibers (5-10 mA), remaining constant at higher stimulation strengths. Electrically evoked BDNF-LI release (basal outflow increased to 240 Ϯ 37.9% at 10 mA intensity) was comparable with glutamate-induced BDNF-LI release in hippocampal slices (Canossa et al., 1997) . However, activity-induced BDNF-LI release in the hippocampus was not dependent on extracellular Ca 2ϩ (Canossa et al., 1997) , whereas BDNF-LI release in the dorsal horn was abolished in Ca 2ϩ -free medium (Fig. 2 B) . To further ascertain that BDNF release was attributable to nerve impulse conduction, experiments were performed in the presence of tetrodotoxin (TTX), which abolished electrically evoked BDNF-LI release but did not modify basal outflow (Fig. 2C) .
To confirm that BS of the dorsal roots recruited some C fibers, SP release was indirectly assessed via NK 1 receptor activation in spinal cord transverse slices (Marvizón et al., 1997) . BS of the dorsal root produced NK 1 receptor internalization in the majority (Fig. 3 B, C) of the NK 1 receptor-immunoreactive neurons in laminas I and II o of the stimulated side of the slices but not in the contralateral side or in deeper laminas (Fig. 3 A, C) .
Electrically evoked release of BDNF in the dorsal horn after NGF treatment
Primary afferent fibers expressing TrkA receptor can retrogradely transport NGF produced by their target cells to the DRG cells in which NGF can stimulate the expression of BDNF (Apfel et al., 1996; Michael et al., 1997) . Thus, we investigated whether NGF induced alterations in BDNF content, and these were reflected in altered release in the dorsal horn. Figure 4 A shows that both systemic and intrathecal NGF treatments increased BDNF-LI content in the DRG of approximately threefold. In addition, when cords from NGF-treated rats that upregulated BDNF were used, enhanced amount of BDNF-LI was released in the dorsal horn after BS (Fig. 4 B) . BDNF-LI basal outflow was unchanged, and TS was still ineffective in eliciting BDNF-LI release in both NGF-treated and nontreated rats (Fig. 4 B) . Thus, TS effectiveness in evoking BDNF release was not increased by increasing the amount of BDNF available.
Capsaicin-induced release of BDNF in the dorsal horn in naïve and NGF-treated rats
Peripheral noxious stimuli can cause bursting activity in fine afferent fibers (Puig and Sorkin, 1995; Adelson et al., 1996 Adelson et al., , 1997 . Thus, we evaluated whether the chemical irritant capsaicin injected into the paw would induce a similar pattern of activity in C fibers. Using a thermal moderately noxious heat search stimulus (ramp to 47-48°C via a Peltier-effect thermal stimulator, 1 cm square element) we surveyed dissected thin filaments (10 -15 m diameter) of the tibial nerve until we isolated one containing a heat-sensitive C unit having a receptive field in the footpad. We tested the responses to the heating ramp several times (Fig. 5B ) and explored the mechanosensitivity of the units. Capsaicin (20 -25 l, 100 mg/ml) injected into the footpad adjacent to the heat-sensitive receptive field produced bursting activity (Fig.  5 A, C,D) in three of three experiments. Capsaicin can stimulate polymodal nociceptors to release their contents and, when superfused through the dorsal horn preparation, can dose dependently release SP-LI (EC 50 of 100 nM) (Malcangio et al., 1993 (Malcangio et al., , 1998 . Thus, in this study, the ability of capsaicin to release BDNF-LI from the dorsal horn was evaluated. Figure 6 A shows that capsaicin dose dependently released BDNF-LI but at higher doses than those effective in releasing SP. The highest dose (100 M) induced a significant release of BDNF-LI during superfusion (fourth fraction) compared with basal outflow (first three fractions) (Fig. 6 B) . The release persisted in the following (fifth) fraction, and then BDNF-LI values recovered to basal (Fig. 6 B) . Capsaicin-induced BDNF-LI release was abolished by cosuperfusion of capsazepine (100 M) (Fig. 6 B) . The doses of capsaicin necessary to release BDNF were unexpectedly high, so we tested whether capsaicin would be more effective if BDNF contents were increased by NGF treatment, which would have also increased nociceptor sensitivity to capsaicin (Winter et al., 1988) . Figure 6C shows that capsaicin (1 M) significantly released BDNF in spinal cords of rats treated with NGF but was ineffective in controls. We then examined slices after high-dose capsaicin superfusion to determine whether this noxious stimulus led to BDNF depletion. Superfusion of capsaicin (300 M) produced a significant loss of BDNF immunoreactivity throughout the dorsal horn (Fig. 7B ) compared with control slices that displayed the expected dense BDNF immunostaining in laminas I and II (Fig. 7A) . Simultaneous staining of control and experimental slices revealed a 40% reduction in BDNF labeling after capsaicin treatment (Fig. 7C) . To check that this decrease in BDNF immunoreactivity was not attributable to nonspecific terminal damage Figure 6 . Superfusion of dorsal horn slices with capsaicin induced BDNF release. A, Capsaicin (Caps; superfused for 3 min) dose dependently released BDNF. Values are obtained from at least four slices for each dose. *p Ͻ 0.05 versus basal outflow ( B) (ANOVA, followed by Dunnett's test). B, Superfusion of dorsal horn slices with capsaicin (Caps; 100 M, black horizontal bar) during collection of the fourth fraction (3 min) caused significant release of BDNF-LI in the fourth and fifth fractions (n ϭ 6 slices). BDNF release returned to basal afterward. Superfusion of capsazepine (Cpz; 100 M; white horizontal bar; n ϭ 4 slices) one fraction before and during capaicin superfusion blocked BDNF release. C, Capsaicin (Caps; 1 M)-induced release of BDNF-LI over basal outflow ( B) was increased after NGF pretreatment (n ϭ 10 slices). *p Ͻ 0.05 (Student's t test versus basal values); #p Ͻ 0.05 versus capsaicin in controls (n ϭ 6 slices). caused by capsaicin superfusion, we stained adjacent sections for a primary afferent marker. Staining of the isolectin B4 revealed no difference between capsaicin and control sections, indicating that binding sites were still present in the tissue (data not shown).
Modulation of electrically evoked release of BDNF in the dorsal horn
It has been shown previously that SP and glutamate release from primary afferent terminals in the dorsal horn are modulated by glutamate acting on NMDA receptors located presynaptically Marvizón et al., 1997; Malcangio et al., 1998) . The possibility that glutamate released after BS of the dorsal roots controlled the release of BDNF was tested by assessing the effect of antagonists for NMDA and non-NMDA receptors on evoked BDNF release. Figure 8 A shows that, in control dorsal horn slices, BS of primary afferent fibers induced a significant and reversible release of BDNF-LI (9 -12 min time interval) over basal outflow (3-9 min time interval). However, superfusion of the NMDA receptor antagonist D-AP-5 significantly inhibited BS-induced release of BDNF-LI (Fig. 8 A) . In contrast, the presence of the non-NMDA antagonist CNQX did not inhibit BSinduced release of BDNF-LI (Fig. 8 A) . These data indicate that BDNF release, like SP release, is likely to be modulated by glutamate activating NMDA receptors, whereas non-NMDA receptors are not involved.
Importantly, SP release from primary afferent terminals in the dorsal horn is also under the inhibitory control of endogenous opioid and GABAergic systems that counteract NMDA-evoked facilitation (Jessell and Iversen, 1977; Malcangio et al., 1993; Teoh et al., 1996) . Thus, we tested the effect of naloxone and bicuculline (antagonists for and GABA A receptors, respectively) on BS-induced BDNF release and found that neither antagonist could modify the evoked release (Fig. 8 B) . These findings fail to support the possibility that BS of primary afferent fibers activates endogenous dorsal horn inhibitory systems sufficiently to affect BDNF release.
DISCUSSION
BDNF may act as a modulator of synaptic transmission in the spinal dorsal horn (Snider and McMahon, 1998; Woolf and Salter, 2000) , as found previously in the hippocampus (Canossa et al., 1997; Schuman, 1999) . To understand the action of BDNF in the cord, it is important to establish what type of stimuli are effective at releasing BDNF. Here we report that BDNF-LI release from the dorsal horn is evoked by capsaicin and electrical stimulation of the dorsal roots. We have used several protocols of electrical stimulation, and we found that BDNF release was dependent on the pattern of stimulation of primary afferents. Thus, dorsal root stimulation with short bursts of high-frequency pulses (BS) evoked BDNF release, whereas sustained stimulation at low frequency (1 Hz, CS) or high frequency (100 Hz, TS) failed to produce any measurable release. Remarkably, CS or TS were unable to evoke any BDNF release, even when the number of pulses was increased well above those used for BS. Moreover, TS was ineffective even when the BDNF content was increased by NGF treatment, indicating that the pattern of stimulation of primary afferent fibers is the main determinant of BDNF release. BS-induced BDNF release was greatly increased after NGF treatment, probably because of an increased BDNF content in C fibers expressing the TrkA receptor. However, it cannot be excluded that prolonged treatment with NGF might have enhanced afferent fiber excitability, for example by sodium channel induction (Toledo-Aral et al., 1995) .
The physiological relevance of these findings is underscored by the transition of C fibers to a bursting firing pattern when the intensity of nociceptive stimuli increases over a certain threshold (Puig and Sorkin, 1995; Adelson et al., 1996 Adelson et al., , 1997 . We show that C fibers in the tibial nerve develop bursting activity after an injection of capsaicin into the footpad. Other studies have shown C-fiber bursting activity in visceral nerves in response to hydrogen peroxide (Adelson et al., 1996) or bradykinin (Adelson et al., 1997) . Therefore, certain noxious stimuli may produce bursting activity in C fibers, which in turn elicits BDNF release in the dorsal horn.
BS of the dorsal roots was also able to evoke the release of SP in the dorsal horn preparation. Previous studies (Go and Yaksh, 1987; Duggan et al., 1995; Marvizón et al., 1997) have shown that SP release is facilitated at high frequencies of stimulation, although it also occurs if enough pulses are given at low frequency (Malcangio and Bowery, 1993; Allen et al., 1999) . Interestingly, unlike BDNF, approximately the same amount of SP-LI release was elicited by TS and BS. Confirming this, BS (Fig. 3) and TS (Marvizón et al., 1997) produced similar amounts of NK 1 internalization in the superficial dorsal horn, an indicator of NK 1 receptor activation by released tachykinins. CS also produced a substantial amount of SP release. Hence, SP appears to be released by a wider range of firing patterns than BDNF. This observation is somewhat surprising given the fact that SP and BDNF are likely to be present in the same population of primary afferent fibers (Michael et al., 1997) and may be both packaged in large, dense-core synaptic vesicles. Alternatively, BDNF may be stored in a different population of dense-core vesicles that undergo exocytosis after BS, which might lead to a substantial buildup of calcium concentrations in presynaptic terminals. (Muschol and Salzberg, 2000) Indeed, BS-evoked release of BDNF was Ca 2ϩ dependent and returned to basal levels after stimulation, suggesting that it was produced by a synaptic mechanism and was not attributable to electropermeabilization of neuronal membranes. Moreover, electrically evoked release of BDNF was inhibited by TTX perfusion, indicating that the release was a consequence of neuronal activity involving voltagedependent Na ϩ channels. In contrast, BDNF basal outflow was neither calcium dependent nor modified by TTX superfusion and was likely to be unrelated to neuronal firing. The observation that NGF treatment did not increase BDNF basal outflow further supports this idea.
Importantly, BDNF release evoked by BS of the dorsal roots was associated with glutamate release, inhibited by the NMDA receptor antagonist D-AP-5 but not by the non-NMDA antagonist CNQX, indicating that glutamate stimulates BDNF release by activating NMDA receptors in the dorsal horn. However, TS did not produce significant BDNF release but increased extracellular glutamate content, suggesting that glutamate alone is not sufficient to induce BDNF release. Glutamate also stimulates SP release from primary afferent terminals by putatively activating presynaptically located NMDA receptors Marvizón et al., 1997; Malcangio et al., 1998) . Thus, one explanation for our findings would be that BDNF release is modulated by presynaptic NMDA receptors, which have been found in the central terminals of primary afferents (Liu et al., 1994) . Alternatively, postsynaptic NMDA receptors may stimulate BDNF release by triggering the release of diffusible retrograde messengers (such as nitric oxide) from dorsal horn cells. Synaptic transmission between primary afferents and dorsal horn neurons is primarily driven by AMPA receptors (Gerber and Randiç, 1989; Yoshimura and Jessell, 1990; Randiç et al., 1993; Yoshimura and Nishi, 1993) , with NMDA receptors contributing only a small component of the EPSP. Therefore, our observation that the AMPA receptor antagonist CNQX did not inhibit BS-evoked BDNF release suggests that BDNF is likely to be mainly released from primary afferent terminals, although we cannot rule out entirely that BDNF was released from dorsal horn neurons. Although GABA A and opioid receptors play an important role in modulating nociceptive signals in the dorsal horn (Millan, 1999) , these inhibitory mechanisms do not appear to modulate BDNF release, because it was not altered by the GABA A antagonist bicuculline or the opioid antagonist naloxone.
Our findings suggest that different patterns of stimulation of primary afferents may encode the release of different transmitters. Notably, neuropeptide release is likely to depend on stimulation frequency (Bartfai et al., 1986) , whereas neurotrophin release appears to depend on the pattern of stimulation, which may be critical for the activation of specific transmission pathways to evoke BDNF release. One consequence may be that different transmitters-modulators are released in different pain states, which would have important implications for analgesic therapy.
Our data are consistent with a recent report showing that BDNF is released from cultured neonatal nodose and petrosal ganglia (NPG) neurons by highfrequency burst field stimulation but not short-term KCl depolarization. These authors suggested that the magnitude of BDNF release in NPG neurons depended on the pattern and frequency of stimulation. Likewise, we show that stimulus patterndependent release of BDNF occurs in the dorsal horn of the spinal cord, under conditions that resemble nociceptive sensory neuron activation.
BDNF release was also evoked by capsaicin, and BDNF immunoreactivity measured in situ in the dorsal horn was substantially reduced after capsaicin application, indicating that primary afferent BDNF pools can be readily depleted. Concentrations of capsaicin necessary to stimulate BDNF release (1-100 M) were higher than those that release SP under the same experimental conditions (EC 50 of 100 nM) (Malcangio et al., 1997) , which raised the issue of specificity of the action of capsaicin (Bevan and Szolcsanyi, 1990) . Although VR1 and SP have been shown to colocalize (Tominaga et al., 1998) , no such data exist for BDNF, and the effect of capsaicin might be indirect, for example, mediated by glutamate release and nitric oxide production. Capsazepine prevented BDNF release, however, suggesting that the effect of capsaicin was attributable to VR1 activation. Moreover, after NGF treatment, capsaicin significantly released BDNF at a dose (1 M) that is close to its affinity for VR1 receptors (Caterina et al., 1997) .
The release of BDNF in the dorsal horn may have important physiological consequences. Existing evidence suggests that BDNF participates in central sensitization and inflammatory pain states (Kerr et al., 1999; Mannion et al., 1999) . Moreover, BDNF increases the excitability of nociceptive spinal reflexes and potentiates NMDA receptor-mediated responses in the dorsal horn (Kerr et al., 1999) . However, there is evidence suggesting that chronic spinal delivery of BDNF alleviates allodynia and hyperalgesia in neuropathic rats (Cejas et al., 2000) . Furthermore, BDNF is antinociceptive in normal and inflamed rats when injected into the brainstem (Siuciak et al., 1994 (Siuciak et al., , 1995 where this neurotrophin can strongly inhibit AMPA-mediated currents via TrkB receptor activation . Thus, the action of BDNF is likely to be complex and dependent on the specific site within nociceptive pathways.
In summary, this study shows that BDNF is released by specific patterns of stimulation of afferent fibers and is mediated by NMDA receptor activation. These data support the idea that endogenous BDNF plays a role in the modulation of nociceptive stimuli in the dorsal horn.
